Background This research begins by providing background on the status and literature of childhood immunization in the USA. Vaccine-preventable diseases have been on the rise in Europe and the USA in the last few years. Cases of measles and pertussis have all been increasing at alarming rates. The article begins with a discussion of the use of immunization exemptions across the states and a brief history of US immunization policy. A review of the literature confirms that socioeconomic status and other demographic characteristics can be important predictors of childhood vaccine uptake. Aim Given the seriousness of this public health issue, the primary objective of this research is to analyze the determinants of a child in the USA being fully vaccinated. Methods A range of socioeconomic and demographic characteristics, along with data from the National Immunization Survey, are used to develop an immunization prediction model. Logistic regression is the chosen method in determining whether a preschool-age child in the USA today is likely to be vaccinated based on various demographic and socioeconomic characteristics.
Introduction
Immunization has historically been a key component of healthcare for children in the USA, but the cultural consensus that immunization is good for children has been eroding. Two critical factors contributing to this erosion are: (1) Many families are no longer personally acquainted with the mortality of immunization-preventable diseases; and (2) Certain organizations have publicized potential negative health consequences of immunization for young children. In fact, child immunization rates plummeted in parts of Europe and the UK after a 1998 study falsely claimed that the vaccine for measles, mumps and rubella was linked to autism [1] . With this trend, immunization rates in the USA among preschool-age children have been falling as evidenced by the outbreak of vaccine-preventable diseases across the country for the last five years [2] . It has been estimated that nearly 30 % of 2-year-olds in the USA are not fully immunized against deadly childhood diseases such as measles, polio, mumps, rubella, tetanus, and whooping cough [3] . In areas with low vaccination rates, epidemics are of increasing concern. Epidemics, such as the 1989 measles epidemic, occurred in areas of the country where the percentage of fully vaccinated children is as low as 17 % [4] .
The USA has seen an alarming increase in the rate of vaccine-preventable disease over the last several years [5] . This phenomenon has been most noticeable with measles but has also included other diseases, like pertussis, also known as whooping cough, in growing numbers. Twentythree states, from January to May, 2011, reported the highest number of measles cases, for the same period, since 1996 [4] . Pertussis, once thought to be largely eliminated in the USA, has also seen a resurgence. In 2010, a pertussis outbreak in California led to 455 infants being hospitalized and 10 deaths [6, 7] . Pertussis cases have been reappearing at record levels, with 2012 experiencing over 41,000 infections and an estimated 18 deaths in the USA [8] . These dramatic increases in vaccine-preventable diseases have led healthcare professionals and policy makers to examine the reasons behind these shifts.
Such outbreaks have led to concern about the number of families forgoing vaccination [9] . Increasing rates of nonmedical exemptions from school immunization programs are a key contributor in the rise of vaccine-preventable diseases [9] . From 1991 From -2004 , the mean state level of nonmedical exemption increased from 0.98 to 1.48 %. This rate of increase is not what concerns policy makers the most; it is the clustering of communities around the nation that have higher levels of exemptions compared to the state and national average [10] . Ashland, Oregon, as one example, has an 11 % rate of nonmedical exemption, compared to 2.7 % for the entire state of Oregon [11] . The primary concern with the rise in nonmedical exemptions is the increased probability that herd immunity is eliminated or greatly reduced across these communities.
While states have different policies on exemptions, every state except two allow religious exemptions and 17 states allow for ''personal belief'' exemptions [12, 13] . Additionally, states vary in their leniency concerning the process and documentation required for an exemption. In 23 states, school officials cannot refuse an exemption if the request fulfills basic state requirements [14] . Several states do not have specific procedures for filing exemptions and some that do not allow for specific types of exemptions appear to have students in their school systems with these exemptions [15] . This varied and confusing policy landscape is argued to be a contributing factor to the increase in disease outbreaks across the USA. Some states are responding to these outbreaks with new legislation to restrict exemptions. Recently, lawmakers in Oregon and Washington have passed laws increasing the difficulty of receiving nonmedical exemptions for kindergarten vaccinations [16] .
This study explores some of the underlying variables that influence a family's choice to immunize their children in 2007. Using data from the National Immunization Survey, we developed a prediction model to determine whether a preschool-age child is fully vaccinated given a range of different demographic and socioeconomic variables. In addition, this research explores policy measures that could increase childhood immunization rates and future research efforts that could improve our understanding of patterns of immunization uptake behaviors.
Theoretical Background
From a policy perspective, the fact that immunizations are considered a merit good-having both public (non-rival and non-excludable) and private (excludable and rival) good characteristics-has a large impact on how it is argued they should be financed and delivered to society [17] . Merit goods are often produced under the socially optimal quantity. To reach this socially optimal quantity requires economic incentives for research and development, as the social and economic spillover effects from having a healthier and longer-living population are substantive. Given this, if society values vaccination for children across the country, a concerted public policy effort is needed.
Experts in the field of health have very little disagreement about the benefits of immunization. This is true even despite the recent public exposure to the ''dangers'' of immunizations by celebrities such as Jenny McCarthy. These recent campaigns have only served to weaken demand for vaccination. Media coverage has increased concern over the side effects of immunization, which has led to decreases in vaccination coverage rates, especially in the USA and Sweden [18] .
Fundamental cause theory has more recently been used as one way to explore potential healthcare disparities across populations, including immunizations. Phelan et al. [19] argue that health disparities remain because of ''an array of resources, such as money, knowledge, prestige, power, and beneficial social connections that protect health no matter what mechanisms are relevant at any given time''. New healthcare approaches have been the focus of fundamental cause theory. However, the central theme of the influence of social conditions on how healthcare advances become common practice is relevant for this research [20] .
With regard to childhood immunization practice, it is difficult to argue that these are novel health innovations today. However, one might have argued twenty years ago that immunization was a fully integrated practice of childhood healthcare. Trends over the past two decades have revealed that fundamental cause theory may be useful in explaining the persistence of critical public health advances. Today, the impact of socio-economic conditions and knowledge networks on the decision to vaccinate may be more important than it has been in decades.
Freese and Lutfey [21] document the importance of social networks in influencing healthcare choices. These networks can generate spillover effects, positive or negative, that impact individual healthcare choices. Additionally, the different socioeconomic positions of individuals in these networks further influence the healthcare information received and choices that an individual makes. Further, individuals and families of lower socioeconomic status are argued to have greater social distance, while positive healthcare spillovers resulting from social networks are more likely in an environment of denser social embeddedness [21] .
The research of Polonijo and Carpiano [22] has found that knowledge of the human papillomavirus (HPV) vaccine is significantly correlated to a mother's education, household income and race/ethnicity variables. A critical contribution of this research is the exploration of the role of vaccine knowledge and healthcare professional recommendation in reducing disparities and improving vaccine completion. While knowledge is a critical factor in one model, this impact is tempered once healthcare professional recommendation is controlled for. Their results reveal that healthcare professional recommendation has a robust independent relationship with HPC vaccine series completion and that this further reduces education disparities in uptake. Finally, their research finds no reverse disparities in patterns of education, income and race/ethnicity vaccination patterns [22] . This is an important finding as there is concern that reverse disparities may exist with regard to childhood immunization patterns today.
A number of studies highlight the importance of specific social, economic or demographic variables in understanding vaccine rates. An older study found that whether a child has healthcare coverage is an important predictor of childhood immunization [23] . For the uninsured, vaccinations can be obtained at 'free' clinics but this can involve opportunity costs that are not worth taking for low income families, such as parental time from work, long waiting lines, and long travel times. Polonijo and Carpiano [22] propose that publically funded, school-based programs may be important models to consider for reducing HPV disparities.
Several studies from the developing world prove instructive in considering the types of variables that may impact rates of immunization. In a study of a 12-county area of China, accessibility to immunization determined by the fee structure of each immunization was found to be significantly related to a higher rate of immunization [24] . A related study in India determined that many children were only partially immunized because the parents were so engaged in livelihood activities [25] . Compared to the USA, these countries have very different economic and healthcare challenges. However, these studies underscore the importance of poverty and cost of immunization, which remain relevant to all families wherever they live.
Munthali [26] found that children in urban Malawi have a much higher rate of immunization than children in rural areas. In 2000, 88 % of Malawi mothers who had received a secondary school education had children who were fully vaccinated. This is compared with the roughly 60 % of mothers with little or no education who had their children fully vaccinated [26] . Rural areas have barriers to healthcare access, in addition to possible income, information and other barriers [27] . A 2014 study found substantial regional variation in immunization rates across Madagascar [28] . This research highlights that reported average coverage rates in countries may be masking wide discrepancies in regional immunization rates [29] . With variations in geographic immunization uptake there is the potential for regions to have compromised herd immunity, compromising these populations further.
More education, higher income, more knowledge about and positive attitudes toward immunization, and health insurance are all correlated with higher rates of immunization [30] . Nath et al. [25] found that a child with an illiterate mother had an approximately four times greater chance of being partially immunized than that of a literate mother. Davis et al. [29] found that income and wealth were important variables in understanding whether families choose to receive medical care, including immunization. Berkley et al. [31] confirm that wealthier educated families living in urban areas are more likely to have fully immunized children. Clouston et al. [28] verify the strong significance of both household wealth and parent's education in improved childhood vaccination rates. The age of the mother and higher birth order are both highly correlated with full immunization status. Additionally, if more children are born to a family, there is less likelihood of the later born children receiving their complete childhood immunization [32] . The benefits of immunizing another child are reduced as more children in the family are immunized. Munthali [26] documents that children born into large families often have a low vaccination uptake.
Some studies also find that race is an important predictor of immunization. Research documents that some racial groups have a higher percentage of fully vaccinated children than others [33] . On average, African-Americans in O'Malley's [33] Medicare immunization study had less formal education, lower incomes, and poorer health status. Even when controlling for education, income, and insurance coverage, the immunization rates of African-Americans was never as high as whites. Overall, this background literature confirms that socioeconomic status and other demographic characteristics can be important predictors of childhood vaccine uptake. Current vaccination trends in the USA underscore the importance of revisiting this research and reviewing current and potential policy approaches.
Methods
This research uses data from the Center for Disease Control and Prevention's (CDC), National Immunization Survey. Since 1994, the National Immunization Survey (NIS) has been conducted by a subdivision of the CDC as part of the Childhood Immunization Initiative (CII). These initiatives were established in order to reduce the cost of vaccines, improve vaccine usage, improve delivery of vaccines to children, and enhance awareness of vaccination and its benefits [2] . The geographic composition of the CDC survey changes each year so matching geographies from one year to the next is not possible. As such, this research analyzes 1 year, 2007, for demographic and socioeconomic predictors of childhood immunization. Study limitations precluded researchers from analyzing additional years of data but future research should consider incorporating additional years of data with geographic and other covariates included.
The NIS uses a random digit dialing (RDD) telephone survey to identify households containing children in the target age range and interviews the adult who is most knowledgeable about the child's vaccinations. With consent of the child's parent or guardian, the NIS also contacts (by mail) the child's healthcare provider(s) to request information on vaccinations from the child's medical records. Samples of telephone numbers are drawn independently, for each calendar quarter, within selected geographical areas, or strata.
In 2007, there were 64 geographic strata for which vaccine coverage levels can be estimated, including 14 primarily urban city/county areas (including the District of Columbia). The remaining 50 are either an entire state or a ''rest of state'' area. This design makes it possible to produce annual estimates of vaccination coverage levels within each of the 64 estimation areas with a specified degree of precision (a coefficient of variation of approximately 7.5 %). Further, by using the same data collection methodology and survey instruments in all estimation areas, the NIS produces comparable vaccination coverage levels among estimation areas and over time. The design and implementation of the NIS sample involved four procedures. First, statistical models predict the number of sample telephone numbers needed in each estimation area to meet the target precision requirements. Second, the sample for an estimation area is divided into random sub-samples called replicates. By releasing replicates as needed, it is possible to spread the interviews for each sampling area evenly across the entire calendar quarter. Third, an automated procedure eliminates a portion of the non-working and non-residential telephone numbers from the sample before interviewers dial them. Fourth, the sample telephone numbers are matched against a national database of residential telephone numbers in order to obtain usable mailing addresses for as many sample households as possible. To promote participation in the NIS, an advanced letter is sent to these addresses approximately two weeks prior to the household interview.
Our dependent variable will describe whether a sample of preschool-age children is fully vaccinated, as verified by their vaccination provider. Given this, we will include a dummy variable for first-born children to determine their probability of full vaccination.
The independent variables in this research are motivated by the diverse literature on immunization practice. Whether a child had healthcare coverage has been documented as a potential contributor to whether a child is immunized in the USA. Thus, health insurance was included in the model.
Given that cost can be a barrier to immunization, poverty status is also included in the model. While the definition of poverty can vary widely in the literature, we utilize the US Department of Health and Human Services poverty guidelines based on family size. Income and wealth are important predictors of immunization and are also included as independent variables. Income was included in the model, based on family size (above poverty, at poverty, and below poverty). To account for the importance of geography, a variable was included to indicate census region (Northeastern, Midwest, Southern, and Western).
Age and education level of the mother have been confirmed as additional determinants of immunization. The variable for mother's age was classified into three groups. In the model, mother's education level was categorized as \12 years of schooling, 12 years of schooling, [12 years of schooling but not a college graduate, and college graduate.
The variable for race was broken into four categories, Hispanic, non-Hispanic black only, non-Hispanic white only, and non-Hispanic other plus multiple race. Finally, while gender is not likely to be a determinant of immunization in the USA, this model also controls for gender of the child.
Of this sample, 27.4 % of observations were individuals living below poverty, 51 % were white, 12.5 % were black, and 27.5 % were Hispanic. Nearly one-quarter of the participants were from the West, 37.6 % from the South, 22.6 % from the Midwest, and 15.7 % from the Northeast. Regarding mother's education, 11.8 % of our sample had \12 years of schooling, 18.6 % had 12 years of schooling, 28.1 % had [12 years but had not finished university, and 41.5 % had a university degree.
A measure that the NIS does not include in their data set is social networking among parents or how parents receive information on vaccination. For example, if mothers decide not to vaccinate their children because they hear from their friends (who have also chosen not to vaccinate their children) that doing so causes autism, then there is a cluster of vulnerable children. Being able to understand and document why families make this choice and where they receive immunization information from could be valuable in a model like ours. These data limitations will likely be more important for future research efforts.
Our research utilizes a binary outcome model to characterize predictors of childhood immunization. These are models in which the dependent variable indicates one of two mutually exclusive groups in which the outcome or choice must fall. The probability of one outcome is p; while the probability of the alternative outcome is (1-p). In this model, the child will be either fully vaccinated, or not [34] . Further explanation of the binary outcome model can be found in the electronic supplementary material.
Using SAS statistical software, a logistic regression model was estimated to predict whether a preschool-age child in the USA in 2007 was fully vaccinated based on the range of demographic and socioeconomic variables previously described. The model characterizes the variable fully vaccinated child as one.
Results
The Hosmer and Lemeshow test performs the goodness-offit test for the binary response logistic model. A large P value ([0.05) usually suggests that the fitted model is an adequate model. In this study the test's P value of (0.1409) indicates that the model is an adequate prediction. The overall logistic regression model was highly significant at the 5 % level as indicated by the Likelihood ratio, Wald and Score tests of the global null hypothesis that the model parameters are significant. Table 1 provides the odds ratio estimates. As an example, results reveal that the odds ratio of a child born with health insurance being immunized, compared to a child born without health insurance, is 1.077 [95 % confidence interval (CI) 0.999-1.161] given this set of demographic and socioeconomic characteristics. While the health insurance variable was not significant, significant variables in the model include categories of educational attainment, first born child, race and ethnicity, age of mother, and census region. If the 95 % CI does not include the value of one, the association is significant.
Discussion
This model does not definitively reveal that later born children are less likely to get fully vaccinated than first born children. The odds of a first born preschool-age child being fully vaccinated, compared to a second born or later born child, is 0.819 (95 % CI 0.76-0.88). This does not confirm Steele's [32] work that the more children in a family, the less likely later born children will receive their full set of childhood immunizations. While additional research is needed to confirm these results over time, these results are positive in that families may be equally as likely to vaccinate all children in a family as the first born.
Steele's work is almost twenty years old and a variety of intervening socioeconomic, demographic, and other factors may have changed the nature of the relationship found in this work.
The geography variable is often significant in health outcomes research and this is confirmed in this analysis. The odds ratios of a child being immunized born in the Northeast, compared to a child born in the West, is 1.40 (95 % CI 1.249-1.578). This confirms that a child born in the Northeastern USA is more likely to be immunized than a child born in the Western USA. As previously mentioned, the Western region is the area of the USA where there have been clusters of nonmedical vaccine exemptions. This region has seen influential anti-vaccine propaganda, with some state exemption rates reaching over 5 % [16] . Comparatively, a child born in the South, versus a child born in the West, is 1.27 (95 % CI 1.163-1.387) times more likely to be immunized.
All levels of education were found to be significant, with those mothers having [12 years of schooling slightly more likely to vaccinate their children. Mothers with a university degree and those with less than a university degree but more than a high school education were slightly more likely to immunize their children than mothers with a high school education or less. This reaffirms previous research that children whose mothers are more educated have increased immunization uptake [26] . Finally, all race categories were found to be significant except for non-Hispanic white versus Non-Hispanic other.
Overall, the model developed in this paper seems to hold well across the logistic distribution, indicating that our independent variables are significant in predicting whether or not a preschool-age child will be vaccinated. Overall, these models reveal that demographic and socioeconomic characteristics are predictors of childhood immunization and if leveraged appropriately can assist policymakers and public health officials to understand immunization rates and craft policy to improve them.
Policy Approaches to Immunization
There are numerous policy options and theoretical approaches for how to improve US vaccination uptake. Research reveals that an outcome-based approach to immunization policy will not improve vaccination coverage and may compromise it further. Even when healthcare providers have the data, skill sets, and materials to produce immunization outcomes, there may still be an under-utilization of this service [3] . A study in India found that agents who were providing vaccines were so focused on accomplishing numerical targets of vaccine uptake that they did not take the time to explain to the patients the purposes or benefits of the vaccines [35] . This caused uncertainty and fear about vaccinations in the villages and did not necessarily accomplish the results of increased vaccine uptake.
One option to induce demand and supply of vaccinations is an individual mandate combined with incentives and opportunities for healthcare providers. Sweden was one of the first countries to mandate vaccinations in 1816. Five years later, nearly 80 % of all newborn babies were being vaccinated against small pox (the only childhood vaccination available at the time). Numerous institutional factors played a role in achieving this result. There was favorable press for vaccination coverage; nearly 75 % of articles published during that time period advocated the benefits of vaccination. In addition, the ability to vaccinate was granted to other medical officers, a role that had previously only been legally performed by physicians [36] . Allowing numerous types of medical officers to provide vaccinations has become commonplace in the USA as nurses, pharmacists, physician's assistants, and many other healthcare professionals can now perform vaccinations. However, there remain many unvaccinated families and individuals in the USA. If the current trend continues, many parts of the country will experience regular disease outbreaks resulting in sickness and death [37] . This research begins to explore which demographic and socioeconomic characteristic of US children are most likely to be associated with vaccination coverage. Knowing these characteristics allows policymakers to target programs to specific population groups with the ultimate goal of increasing overall vaccination rates. The next section reviews the methodology for the prediction model. Nearly 2.1 million US children are not fully vaccinated. Even the children who are vaccinated are often not vaccinated on time [38] . The USA has an immunization approach that has worked relatively well for over 50 years. While many of these approaches still work successfully, the current trend in some regions points to a critical need to review and potentially revisit immunization policy across the USA. The potential for these regional ''hot spots'' of non-immunizing families to compromise broader public health is too important for us not to consider more fully. As one example, the diverse, and often confusing, state immunization exemption policies underscore the need for new thinking on immunization public policy. With this in mind, are there specific categories of children that could be targeted with new public policy efforts? Furthermore, are there new or innovative approaches to immunization efforts that could turn the tide of this trend? These are all important questions for research.
Global research on immunization finds that ''the contribution of wealth-related inequality to the child and maternal health service coverage gap differs by country and type of health service, warranting case-specific interventions [28, 39] ''. The Global Vaccine Action Plan (GVAP) frames immunizations as a basic human right; one that should emphasize and support equitable vaccine uptake in such a way that public health remains the number one objective. The GVAP further underscores the ongoing concern of geographic inequities in vaccine rates across countries, whether these are driven by income, rurality, education or some combination of factors [31] . Demand and supply side barriers are both relevant considerations in vaccine public policy. However, gaps in geographic vaccine rates may reveal supply-side barriers [40] . Given the importance of geographic considerations, future research should consider including geographic characteristics of immunization rates to better understand reasons for immunization patterns across the USA. Anecdotal evidence of declining rates of immunization across the USA points to the importance of information and social networking on vaccine uptake. Polonijo and Carpiano [22] confirm that both of these elements are important for full HPV vaccination but add that physician information may supersede other social impacts. Understanding the social networking environment of childhood immunization in the USA is an important future research question and one that may also yield interesting regional variations. Understanding the role of the physician or medical provider in these environments is an additional question for future research. We believe that targeted policy efforts, like public information campaigns, public school provision and information, in targeted communities could be critical to reversing the trends of falling rates of full childhood immunization.
Conclusion
Overall, this research confirms that the likelihood of childhood immunization is significantly impacted by socioeconomic and demographic characteristics. This, and other similar research, validates the idea of targeted policy efforts that could improve immunization rates among specific groups or in specific regions. Innovative efforts in other nations may be instructive in our efforts to refocus childhood immunization practice. However, focusing efforts on regional differences, low-income, and less educated families are all important considerations in the development of future policy efforts. Earlier policy research reveals that changing this trend will likely require a multi-pronged policy approach; one that incentivizes families to have their children vaccinated, supports medical professionals who provide vaccinations and encourages and supports state efforts to restrict the wide range of nonmedical immunization exemptions [41, 42] . Immunization is a public health issue that demands our public attention and this research adds to our understanding of both the family characteristics associated with and the predictors of childhood immunization.
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